have recently explored the possibility of reconstructing phylogenetic trees from lacunose distance matrices. They have shown that missing cells can be estimated using the ultrametric property of distances, and that reliable trees can be derived from such filled matrices. Here, we extend their work by introducing a novel way to estimate distances based on the four-point condition of additive matrices. A simulation study was designed to assess whether the additive procedure is superior to the ultrametric one in recovering distances randomly deleted from complete distance matrices. Our results clearly indicate that the topologies and branch lengths of the trees derived from matrices which were estimated additively are better recovered than those of trees derived from matrices estimated ultrametrically; the original distances are also better recovered with the additive procedure. Except in the case of small matrices with many missing cells for which both methods perform equally well, the additive is generally superior to the ultrametric method for estimating missing cells in distance matrices prior to phylogenetic reconstruction.
Introduction
There are many limitations in the various existing algorithms for phylogenetic reconstruction based on distances (for a review, see Swofford and Olsen 1990) . For example, the generation of a distance matrix suitable for the Fitch-Margoliash method (Fitch and Margoliash 1967) or neighbor-joining analysis (Saitou and Nei 1987) using molecular techniques like DNA-hybridization (Werman, Springer, and Britten 1990) or comparative serology (Maxson and Maxson 1990 ) requires n2 comparisons among lz taxa. Consequently, the majority of such studies are usually limited to few taxa and often lead to lacunose (i.e., incomplete) matrices not directly or immediately amenable to phylogenetic analyses. However, according to a recent article by Lapointe and Kirsch (1995) , it is not necessary to have complete matrices to obtain robust phylogenies, since it is possible to estimate missing cells prior to phylogenetic reconstruction by relying on the properties of path-length matrices representing trees. Indeed, there exists a one-toone correspondence (Hartigan 1967; Johnson 1967) between dendrograms and matrices satisfying the ultrametric inequality, which states that for every triplet of objects (i, j, k}, the two largest distances among the three possible ones are equal: d(i, j) 5 max [d(i, k) ; d(j, k)], for every i, j, k.
(
As originally proposed by De Soete (1984a Soete ( , 1984b , the ultrametric property can be used to fill incomplete path-length matrices, as well as any other types of dissimilarity matrices. De Soete showed that reliable trees could be derived from matrices in which missing distances were estimated ultrametrically, even when adding noise, in some cases with up to 50% of Key words: distance matrices, DNA hybridization, missing data, phylogenetic reconstruction, simulation study. have shown, in another series of simulations, that the ultrametric procedure could be used to fill lacunose DNA-hybridization matrices and still recover correct phylogenies (i.e., the same trees as recovered from complete data). Examples of robust phylogenies were obtained with 35%, 60%, and up to 61% of cells missing, respectively, by Kirsch and Palma (1995) , Lapointe and Kirsch (1995) , and Bleiwess, Kirsch, and Shafi (1995) . In this paper, we show that the ultrametric procedure is not the only method available to fill matrices and we propose an improvement based on the additive property of path-length distances.
Methods
A matrix is said to be additive when it meets the following inequality, the so-called four-point condition (Buneman 197 1):
for every quadruplet i, j, k, 1.
Then, it is easily shown that an ultrametric matrix represents a particular type of additive matrix, corresponding to a tree for which all terminal nodes are equidistant from the root (Sibson 1972) . Because ultrametric distances are more constrained than additive distances, however, one loses accuracy in the estimation of missing additive distances when relying on the ultrametric property. On the other hand, one can always recover ultrametric distances using the four-point condition. Nevertheless, the additive estimation is computationally much more demanding since it requires five known distances among the six possible for any quadruplet (i, j, k, 1); the ultrametric inequality only needs two out of three distances among any triplet {i, j, k). In the best situation, only 12 -1 distances are sufficient to fill an ultrametric matrix, whereas 2n -3 are needed to estimate a matrix additively (see Legendre 1991, 1992) .
To illustrate the difference between the ultrametric and the additive estimation procedures, let us consider two weighted trees, along with their corresponding pathlength matrices ( fig. 1 ). Both matrices satisfy the fourpoint condition, but the first one ( fig. la) is also ultrametric. Let us pretend that d(a, c) is missing in both matrices. If the ultrametric property were used to recover that missing value, one would need to apply it to every triplet of objects involving the pair (a, c), taking in each case the maximum of the two known distances as an estimate of d(a, c). Two such triplets are distinguishable here (i.e., [a, b, c} and {a, c, d}) fig. lb) , which does not satisfy the ultrametric condition, the final estimate of d(a, c), computed as above, is different from the actual distance (i.e., d(a, c) = 5 instead of 6). Therefore, nonultrametric additive matrices will not always be correctly estimated using the ultrametric inequality, even when the data are perfectly clean.
To see whether the reverse case would hold or not, we have used the four-point condition to recover the missing distance d(a, c) in both matrices presented in figure 1. Here, one needs a quadruplet of objects to estimate that missing cell; the only one possible in our case is {a, b, c, d]. The procedure consists of computing the two sums of distances not involving the missing cell
The maximum of the two sums is returned and the fifth distance (i.e., d(b, d)) is subtracted from it to compute the final estimate of d(a, c). Doing so for both matrices, we get correct estimates in the additive case ( fig. lb) , as well as for the ultrametric situation ( fig. la) . Thus, in accordance with theory, the additive estimation procedure is more general than the ultrametric method used by De Soete (1984b) and Lapointe and Kirsch (1995 To know whether the results obtained in a perfect case (e.g., fig. 1 ) can be extended to real matrices, we have compared the accuracy of the estimates obtained by the two different procedures using a simulation design, We wanted to assess whether the additive method is always superior, and thus have dealt with DNA-hybridization matrices which, unlike perfect data, are not additive, not symmetrical, and never free of noise (see Lapointe and Kirsch 1995) . If the new estimation procedure proves to be more efficient with such messy data, it is likely to be superior with any other type of data.
To compare the performance of the two methods, we used the same experimental design and matrices as Lapointe and Kirsch (1995) ; that is, (1) lacunose matrices are generated by removing known distances from complete matrices, (2) missing cells are estimated, (3) a phylogeny is reconstructed, and (4) results of filled matrices are compared with those derived from complete matrices, using either one of the two estimation procedures. Five DNA matrices of varying size (i.e., n = 7: were used in our simulations, and increasing percentages of missing cells (P = (0.1, 0.2, 0.3, 0.4, 0.5, 0.6)) were considered by deleting reciprocal distances (i.e., d(i, j) and d(j, i)) from the square matrices. One hundred simulations of lacunose matrices were performed for each P and each matrix. In a first series of simulations, matrices were filled using the ultrametric inequality. Then, in a second series, we repeated the simulations with the same matrices (removing exactly the same cells from the corresponding matrices), this time using the four-point condition to fill the empty cells (computer program available from the authors upon request). Deletion of the same distances in both series was deemed necessary to control for sampling errors due to the randomization. The difference in estimations can thus be explained only with respect to the mathematical property called for in the simulations.
As stated above, one major distinction between the ultrametric and additive inequalities is the number of known distances required to estimate missing cells (i.e., 2/3 vs. 5/6). When the number of missing cells in a matrix is large, the additive estimation becomes more difficult to compute than the ultrametric one. In some cases, no additive estimation can be calculated and we have to rely on the ultrametric property to estimate the minimum number of cells required to call the four-point condition. To do so, an iterative procedure is used by calling the ultrametric inequality to fill the first missing cell encountered in the matrix, going back to the additive inequality recursively until the matrix is filled.
Estimates obtained by the two different methods were compared at three distinct levels. First, we correlated the filled matrices with the complete DNA-hybridization tables to quantify distance recovery; this allowed us to evaluate how well experimental values could be 820 Landry et al. estimated by the two methods. Second, we computed path-length correlations between matrices associated with the trees derived from the original and estimated data; this was done to assess whether the estimation procedure introduces a bias in the path-length distances recovered by the phylogeny reconstruction algorithm. Computations were performed using FITCH (G, S, P = 0 and no negative branches allowed) from the PHYLIP package (Felsenstein 1993) . Finally, we confronted the original tree with those derived from the estimated matrices using the standardized partition metric (Robinson and Foulds 1981) , this to quantify topological recovery (computations were performed in PAUP, Swofford 1993) . In order to compare topological recovery values computed over matrices of different sizes, the partition metric was standardized by its maximal possible value (2n -6) for each matrix (Steel and Penny 1993) . The l-complement of this standardized statistic was then taken as an index of topological similarity, with a maximal value of 1.0 for topologically identical trees, and a value of 0.0 for the most different possible pairs of trees. The average of correlation values and the median of the standardized partition metric values were then recorded for comparison purposes, as in Lapointe and Kirsch (1995) .
Results
The results of the simulations comparing the two estimation methods are presented in figure 2 . One of the most important features evident from these comparisons is that the additive procedure provides better results (on average) than the ultrametric method in almost every case. We do observe some variations among matrices, however. For one, the correlations between actual and estimated distance matrices are quite variable ( fig. 2A) ; some matrices are well estimated for up to a large proportion of missing cells (n = 9 and IS), while others exhibit a steeper decline in correlation values as more cells are deleted (n = 7, 11, and 13). There seems to be no direct relation between the size of a matrix and the accuracy of the estimations of missing DNA-hybridization distances, in agreement with the conclusion of Lapointe and .
For path-length correlations ( fig. 2B ) we observe an almost uniform convergence of the two curves; the additive procedure is still on top, except for one case where the ultrametric results indicate better estimations (n = 7, P > 0.30). This convergence in the performance of the competing methods is a direct consequence of the phylogenetic reconstruction algorithm that must return a tree (i.e., a path-length distance matrix). Because pathlength distances are more constrained than input distances (i.e., they must satisfy the four-point condition), the correlations between recovered path-length matrices are generally larger than those between the estimated and complete DNA-hybridization matrices (see Lapointe and Kirsch 1995) . The difference between trees based on matrices filled using different estimation procedures also tends to vanish for the same reason. Interestingly enough, neither the correlation between the original distance matrices ( fig. 2A) nor that between path-length matrices ( fig. 2B ) is a good predictor of topological recovery ( fig. 2C ). Here again, the additive method is better than, or as good as (n = 7), the ultrametric procedure. However, topological-recovery values can be quite different among matrices, including cases of DNA-hybridization tables showing similar correlation values but very distinct topological results between matrices estimated ultrametrically or additively (n = 9 and 15). A similar pattern was also observed by Lapointe and Kirsch (1995) , who showed that trees with short branches are more vulnerable to topological errors than trees with relatively longer internodes, even though both types may exhibit similar path-length correlations for a given percentage of missing cells.
These results clearly demonstrate that the additive method is by far superior to the ultrametric procedure in estimating missing cells in distance matrices and in recovering reliable phylogenies.
However, closer scrutiny reveals that this is not always true. In contrast with average recovery values presented in figure 2, table 1 displays the relative performance of the additive method over the ultrametric one for each of the individual matrices estimated. It shows that for some matrices (e.g., n = 15) the additive procedure provides better results in almost every instance considered (i.e., relative performance ranging from 97% to lOO%, depending on the recovery index computed). In other situations (e.g., IZ = 7), the same approach is superior in only 2/3 (or at most 3/4) of the matrices estimated. Figure 3 shows the average number of times the ultrametric procedure was called for to fill matrices of different sizes, for varying P. One can notice from those results that the ultrametric estimation procedure was never required for up to 40% of cells missing, except for the smaller matrix (n = 7). The need for ultrametric estimations is a function of the size of the matrix; indeed, larger matrices have more possible quadruplets, thus increasing the probability of finding one situation suitable for additive estimation (i.e., one quadruplet of objects for which 5/6 of the distances are known). At most, three ultrametric iterations were needed to fill matrices (for n = (7 and 9}), whereas only two (n = 11) or one iteration was used in the larger cases (n = { 13 and 15}), and only when 60% of the cells were missing.
Discussion
In the light of the simulation results, one has the right to ask whether the four-point condition should be used all the time. Are there any situations for which the ultrametric method would return better estimates? We already know that for a perfectly ultrametric matrix, it is generally possible to estimate a missing distance with the same accuracy using either the additive or the ultrametric property. Contrariwise, in the case of additive matrices, only the four-point condition gives us correct estimates; the ultrametric method returns an approximation of the actual distance (see fig. 1 ). However, there exists one notable exception where both techniques fail to recover the actual distance; it involves missing distances between terminal sister taxa. In such cases there is no existing technique to estimate the missing distance correctly. In the best case of an ultrametric matrix without experimental errors, the tree derived from an estimated matrix will bear a trichotomy, lowering the node between the sister taxa down to the next level (see Lapointe and Kirsch 1995) . The same problem exists for additive matrices, however. We have observed that the ultrametric procedure can return better estimates (i.e., a closer estimate of a missing distance between terminal sister taxa) in some specific cases (e.g., this happens when the missing distance is much smaller than every other distance in the matrix, including those among other sister taxa). However, when more than one cell is missing and other missing distances are not among terminal sister taxa, the additive estimation is usually better. Moreover, in the absence of outside information, it is impossible to know a priori whether a given missing cell represents a distance between terminal pairs. Therefore, when the "real" tree is not known, it is always wiser to bet on the additive method.
There is another particular case when the ultrametric can return better estimates. Depending on the distances deleted and the quality of the data, the additive estimation of missing cells can result in negative distances because of the subtraction involved. Interestingly, for complete DNA-hybridization matrices, it is possible to obtain negative distances even among real data (Bledsoe and Sheldon 1989). In some very rare instances (11 out of 3,000 simulated matrices, and only for P > 0.30 and y1 < 13), negative distances were estimated with the additive procedure. In those 11 special cases, the two methods showed equal capacity to recover the correct topology, neither of them returning better results (the same remark also applies to distance correlations). Thus, even when negative distances are provided by the additive method, the topology recovered can be as good as the one estimated ultrametrically.
Let us reiterate, however, that these cases of negative distances are extremely rare and that the additive method should be preferred. For the purpose of experimental estimation, there is no doubt that the additive estimation procedure is in most cases superior to the ultrametric one. 
